INTRODUCTION
Single walled carbon nanotubes (SWNTs) are cylindrical nanostructures that can be schematized as rolled single sheets of graphene owing to different angles and curvatures, resulting in different nanotube chiralities. 1 Their diameter typically varies in the range of 0.4 nm-2.0 nm, while the length can reach several micrometers. The electronic structure of SWNTs is strongly dependent on the chirality, which is related to the nanotube diameter. 2 According to the chirality, both semiconducting and metallic nanotubes can be obtained, and their density of states differs from conventional 3D materials by the presence of sharp peaks (Van Hove singularities). 1, 3, 4 Semiconducting SWNTs (s-SWNTs) are expected to play a major role in future optoelectronic devices. 5, 6 Due to their optical properties, carbon nanotubes represent the ideal candidate to develop on-chip active optical devices including light sources, modulators, and detectors. [7] [8] [9] One of the most promising applications is the use of s-SWNTs to fabricate hybrid photonic circuits on Si, where s-SWNTs play the role of the active optoelectronic medium in the telecom wavelength windows. 5, 10, 11 Optical excitation of s-SWNTs generates excitons, whose recombination can be investigated at the single nanotube level using near-field photoluminescence (PL) microscopy. This technique has been used to achieve subwavelength spatial resolution and to get optical information at the nanoscale, such as the exciton diffusional range. 12 Inter-nanotube transfer has been addressed in Ref. 13 , and it has been suggested that efficient coupling results from carrier migration, requiring few nanometers of nanotube-nanotube distance or even direct physical contact. Interaction with segments of DNA has been determined using near-field spectroscopy by observing the induced red shift of the exciton recombination.
14 Exciton localization due to local energy landscape has also been reported. 15 However, less is known of the effect of bundles on near-field emission, even if the standard picture suggests that they might quench the PL (if metallic nanotubes are present) and/or broaden the optical resonances. [15] [16] [17] [18] Note that most of the near-field experiments reported to date have been carried out for small SWNTs with emission wavelengths below the telecom windows.
Here, two different approaches are used to extract sSWNTs having their fundamental optical transition around either 1300 nm or 1550 nm wavelength, respectively. Both methods are optimized to enhance the s-SWNTs density and emission efficiency. The nanotubes are drop-casted on quartz substrates and their emission properties are studied by mapping the PL in hyperspectral near-field microscopy experiments. Using this technique, we scan the sample surface with a step size of 100 nm Â 100 nm while detecting s-SWNTs emission in the 1.0 lm-1.6 lm wavelength range. The experiments, combined with far-field PL measurements, provide insights into the SWNTs spatial and spectral emission. In fact, the good optical efficiency of the selected ensemble and the sensitivity of the setup allow for detecting single s-SWNT emission even at room temperature. Effects of the interaction with the substrate and/or of strain on the sSWNTs are observed by locally evaluating the PL spectral shift. Moreover, optical emission delocalized for several lm along SWNTs is detected, thus denoting the high quality of the produced s-SWNTs. Finally, the limits of the implemented purification protocol are evaluated: the presence of Published by AIP Publishing. 120, 123110-1 spurious SWNT bundles is addressed by observing broad emission bands with respect to narrow emission spectra from isolated s-SWNTs.
SAMPLE PREPARATION AND EXPERIMENTAL TECHNIQUES
We analyze two kinds of SWNTs with dominant emission centered in the 1300 nm and 1500 nm telecom wavelength regions, respectively. In both cases, the pristine powder contains several carbon-based materials including metallic nanotubes. Therefore, in order to consider uniquely the optically active SWNTs (i.e., s-SWNTs), it is highly preferable to use an effective selection protocol. For the emission at 1300 nm, we start from a commercial dry powder of HiPco carbon nanotubes. Then, we employ a purification protocol based on ultra-centrifugation of a toluene (by Sigma-Aldrich) solution containing the carbon nanotubes and the polymer Poly-9,9-di-n-octyl-fluorenyl-2,7-diyl (PFO). This process gives a high purity solution of SWNTs with (8, 6) and (8, 7) chiralities, which are known to provide room-temperature light emission in the telecom O Band (1260 nm < k < 1360 nm). 19 For the emission at 1550 nm, SWNTs (with diameter in the 1.1 nm-1.3 nm range) are synthesized by laser ablation (LA). 20 We disperse them at the concentration of 0.2 mg/ml by sonication with poly[(9,9-dihexylfluorenyl-2,7-diyl)-co-(9,10-anthracene)] (PFH-A) in toluene. The PFH-A concentration is fixed at the optimal value of 0.5 mg/ml; in order to maintain these SWNTs longer for transport application, here the sonication process is quite shorter with respect to HiPco protocol. The role of polyfluorene polymers on the selective dispersion of SWNTs has been recently elucidated in Ref. 21 and the details of the purification protocols can be found in Ref. 22 .
A commercial scanning near-field optical microscope (Twinsnom, by OMICRON) is used in illuminationcollection geometry for near-field PL detection. In our experimental setup, the excitation is provided by a CW Ti:Sapphire laser coupled into the near-field probe, that performs a raster scan of the sample surface at constant height, below 10 nm. The employed near-field probe is a pure dielectric tip, made of a glass optical fiber tapered by chemical etching. 23 The probe collects the SWNTs emission at each scan position, allowing for an hyperspectral mapping of the light emitters. The PL signal is dispersed by a spectrometer and collected by a nitrogen cooled InGaAs array detector. The overall spectral resolution is 0.5 nm and the spatial resolution, obtained from the experimental data, is of the order of 250 nm, which allows resolving well-separated SWNTs. In order to characterize the precursor SWNT solutions, we use standard far-field PL technique and PL-excitation spectroscopy. Finally, for mapping long SWNT wires, we use a confocal microscope equipped with a Mitutoyo 100Â objective (NA ¼ 0.7).
We deposit SWNTs onto a solid quartz substrate, using a drop cast method. The deposition is followed by thermal annealing (T ¼ 180 C) to produce a liquid-glass transition of the polymer and to reinforce the encapsulation of the SWNTs. Such encapsulation is meant to reduce the undesired interaction of the SWNTs with the environment that could possibly cause emission bleaching or blinking.
EXPERIMENTAL RESULTS AND DISCUSSION
The far-field PL spectrum of the HiPco SWNTs dispersed in toluene is reported in Fig. 1(a) , where at least five different chiralities are observed, covering the telecom emission range from 1000 nm to 1400 nm. The photoluminescence excitation (PLE) map is reported in Fig. 1(b) and allows assigning the s-SWNTs chiralities to each emission band. In particular, the HiPco SWNTs emission is dominated by the (8, 6) and (8,7) chiralities, matching the 1300 nm telecom window. The spectral width turns out to be 23 nm for the (8, 6) line. A typical hyperspectral image (map dimension 5.6 lm Â 30 lm) of a deposited HiPco solution is reported in Fig. 1(c) . We observe localized bright spots characterized by different spectral features depending on the relative content of chiralities.
The emission maps of the five chiralities observed in the HiPco sample are reported in a color code that highlights the contribution for each chirality. In particular, every PL map is spectrally integrated over a given peak reported in Fig. 1(a) , therefore each map corresponds to a single chirality emission band. The black areas correspond to regions where the PL signal is below the experimental noise level, therefore are interpreted as regions without optically active s-SWNTs. By comparing the five maps of Fig. 1(c) , we find regions where different s-SWNTs overlap and regions where the PL signal originates from a single chirality. From the smallest transversal section of the bright spots, we estimate an experimental spatial resolution of the order of 250 nm, which well agrees with the expected section of the employed dielectric tip. It is worth noting that the spatial resolution is of the order of k/5 at the emission wavelength of 1300 nm.
Typical near-field PL spectra are reported in Fig. 2 . The top spectrum in Fig. 2(a) corresponds to a spot where different chiralities are found, and it can be separated into independent contributions of four chiralities, each with a lineshape almost identical to the one observed in the regions where only a single chirality is present (see the lower panels). Note that the lineshape is Lorentzian denoting a homogeneous broadening; this indicates that each s-SWNT is well isolated by the polymer and then that the mutual interaction between s-SWNTs is negligible. In Fig. 2(b) , we report three PL spectra of the emission band for the (8,6) chirality acquired in different points. By comparing the emission bands of the dried s-SWNTs with the same bands observed in the solution (dashed line in Fig. 2(b) ), we note an average wavelength red shift (of %10 nm). This shift can be attributed either to variation of the local dielectric environment (due to a re-organization of the polymer after the removal of the solvent) or to the strain induced onto the s-SWNTs by the drying process. Therefore, by analyzing the spectral response, we develop a sub-wavelength sensitive probe for investigating the local environment around the s-SWNTs.
In case of bright and isolated spots attributed to an individual chirality, we focus on the intensity maps of specific sSWNTs. In Figs. 2(c) and 2(d), the PL intensity distributions of two single chiralities are reported. They clearly show an elongated emission along the s-SWNT. In particular, the transverse cross-section size is of the order of the spatial resolution (250 nm), while the longitudinal length extends over more than two micrometers in both cases. The PL map is a measurement of the spatial distribution of the exciton emission along the nanotube length and its large longitudinal extension is a further indication of the high quality of the investigated semiconducting SWNTs. Indeed, the exciton along the nanotube is not confined in an extrinsic center, but rather delocalized over many Bohr radii. Finally, it is worth noting that the emission is quite bright along the whole length and eventually the SWNTs are slightly bent. Even though we did not perform antibunching measurements to demonstrate the quantum nature of the light emitter, we believe that our data are a sound indication that we are collecting emission from individual s-SWNTs. It is also worth stressing out that the observed room temperature emission is only 25 nm broad. This value has to be compared with results from other types of single emitters at room temperature such as organic molecules (80 nm for dibenzoterrylene (DBT) molecules) or nitrogen-vacancy (NV) centers in diamond (120 nm). 24, 25 Such a narrow emission in the telecom spectral window is very promising for integrating SWNTs in Si-based photonic devices. 5, 6 Similar near-field experiments have been carried out also on LA SWNTs. The far-field PL spectrum of the LA SWNTs dispersed in toluene is reported in Fig. 3(a) , where five different chiralities are observed, covering the telecom emission range from 1200 nm to 1600 nm. The spectral cut observed for wavelength larger than 1600 nm is due to a decreased detection efficiency of the InGaAs detector. The PLE map is reported in Fig. 3(b) . We find that the LA SWNTs emission is dominated by the (12,5) chirality emitting at 1500 nm wavelength, and that the spectral width turns out to be 33 nm for the (12, 5) line. It is important to note the difference between the PL spectra of the HiPco and LA SWNTs. While the HiPco spectrum in Fig. 1(a) consists of a comb of well-distanced emission lines, the LA spectrum in Fig. 3 (a) appears to contain a broadband emission superimposed with the emission of the single chiralities. We will show that this broadband contribution arises from radiative recombination in nanotube bundles, as expected due to the shorter sonication time in the LA purification.
Sub-wavelength imaging of the different chirality emission bands are reported in Fig. 3(c) (the maps cover an area of 6 lm Â 30 lm size) with different color codes for the five chiralities. High intensity spots show either emission bands corresponding to a single chirality or to overlapping chiralities or to nanotube bundles.
Typical PL spectra of LA SWNTs are reported in Fig. 4 . The top spectrum in Fig. 4(a) shows the emission bands detected on a spot where four s-SWNT chiralities are found. In the other panels, we report the PL spectra of different spots where just a single chirality is observed. Similar to the data in Fig. 2(a) , the emission reported in the top PL spectrum of Fig. 4(a) can be separated into independent contributions from individual chiralities, meaning that the sSWNTs are well isolated by the polymer. In these cases, the lineshape is Lorentzian, thus indicating the presence of well protected SWNTs. However, for LA SWNTs intensity maps, we find large bright spots also in positions where unexpected broad and non-Lorentzian spectra are observed. Several examples are given in Fig. 4(b) . The peaks of these bands are not straightforwardly identified as a simple overlap between defined chiralities. Since the PL is a measure of the joint density of states of the conduction and valence bands, we conclude that strong modifications of the electronic structures are needed in order to produce the PL spectra reported in Fig. 4(b) .
The simplest explanation could be that we are mapping large nanotube bundles comprising nanotubes of different chiralities that are (locally) in direct contact with one another. Since the electronic states overlap and hybridize in the region where the contact occurs, excitons can move (unidirectionally) from nanotubes with a higher gap to other with smaller gap and then recombine at a lower energy. Therefore, the near-field optical spectroscopy can discriminate between bundles of SWNTs, where the electronic states interact producing broad PL bands, and agglomerate of s-SWNTs in which each nanotube is isolated by the encapsulating polymer and gives rise to a comb of individual PL bands.
In order to corroborate the idea that nanotube bundles are responsible for the broad PL band, we exploit the accidental production of macroscopic wires composed of SWNTs and polymer. As schematically reported in Fig. 5(a) , this type of wire is formed by slowly extracting a substrate from a water bath on top of which a small amount (few tens of ll) of toluene solution containing PFH-A and highly concentrated nanotubes is drying. The deposited film onto the substrate surface (typically SiO 2 ) bridges to the liquid surface with a macroscopic wire composed of polymer and SWNT. The thickness of the nanotube wire is of the order of 50 lm (SEM image is reported in Fig. 5(b) ) and the total length is several mm. The SWNT wires have some conceptual and morphological similarities with those reported in the literature. 26 During the elongation process, it is very likely that the polymer is partially swiped away favoring the formation of large and long bundles of aligned and interacting nanotubes. The intensity map of one of these wires (acquired with the far-field micro-PL setup) integrated over the whole PL spectrum is reported in Fig. 5(c) . From these data, we observe that bright spots are macroscopically elongated along the wire. The PL lineshape is very similar in all the points of the macroscopic wire, as highlighted in Fig. 5(d) . These spectra show a very broad, non-Lorentzian and weakly modulated PL band in which single chiralities cannot be resolved. Therefore, we conclude that bundles are characterized by SWNT hybridization leading to broad band PL emission, in agreement with the hypothesis made when discussing the near-field data.
CONCLUSIONS
In conclusion, we demonstrated that infrared hyperspectral near-field imaging allows for a deep investigation of the morphology and optical properties of SWNTs in broad band telecom spectral regions. By mapping the photoluminescence with sub-wavelength spatial resolution, the distribution of each individual chirality is observed, as well as the effect induced by the strain on each s-SWNT. In addition, we retrieve the presence of nanotube bundles, which results in broad emission bands due to electronic states hybridization. Our results highlight the importance of sub-wavelength spectroscopy to assess the properties of SWNTs. Noteworthy, the observed narrow emission in the telecom window is promising for integrating s-SWNTs in Si-based photonic devices.
